ABSTRACT Aiming at the high-performance operation requirements of a bearingless induction motor (BIM), a direct levitation force control strategy based on model prediction for the BIM is proposed. Based on mathematical models of the BIM, the flux linkage at the next moment is predicted according to the current observation value of the flux linkage of levitation force winding, and the objective function of the flux linkage is constructed to output the optimal flux linkage. Inverter drive control signals are generated from the SVPWM module to control the BIM levitation. In addition, to deal with the problem of the initial error caused by reverse electromotive force integration in the traditional observation of flux linkage during the process of motor control, an improved flux observer is introduced and applied to the control system. The simulation and experimental results show that the proposed control strategy cannot only effectively improve the suspension stability of the rotor, but also enhance the anti-disturbance ability of the system in comparison to the traditional levitation force control. In the meantime, it has a good dynamic and static performance which verifies the effectiveness and reliability of the proposed control strategy.
I. INTRODUCTION
In recent years, with the progress of technology and the development of industry, higher and higher requirements are applied to the motors' quality and performance. Under this background, the bearingless induction motor (BIM) emerges as the times require [1] - [7] . A BIM combines the traditional induction motor with magnetic bearings, it not only has the advantages of the magnetic bearing, but also has the advantages of no friction, no lubrication, easy maintenance, high reliability, long service life and so on [8] - [11] . It has a broad application in the fields of aerospace, high-speed hard disk, flywheel energy storage, biomedicine and special electric fields of aseptic and no pollution operation. Therefore, the BIM is one of the most valuable motors and have
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attracted the attention of many experts and scholars at home and abroad [12] - [17] .
With the maturity of the motor control technology, the control technology of the BIM is also constantly improving. The control of the BIM is mainly divided into two parts: torque control and levitation control. In [18] , dynamic decoupling between electromagnetic torque and levitation force of the BIM is realized by using alpha-order inverse system method based on least squares support vector machine (LS-SVM). Compared with the traditional vector control, the direct torque control based on space vector pulse width modulation (SVPWM) can effectively solve the problems of large amount of calculation caused by coordinate transformation and the influence of motor parameters on the control performance of the system in the vector control. In addition, it makes the torque ripple smaller, torque response faster and has a good dynamic and static performance [19] - [23] . In the levitation control of motor, the radial position of rotor is often controlled by PID regulation, force/current and coordinate transformation. In [24] , a method of rotor vibration feedforward compensation control for a BIM Based on coordinate transformation is proposed, which suppresses the vibration of the rotor and improves the suspension performance of the rotor. However, this method converts the compensated radial levitation force into levitation control current, which is an indirect control of levitation force, and has some shortcomings such as slow dynamic response and complicated calculation. In [25] , a direct control of rotor radial displacement for a bearingless permanent magnet synchronous motor (PMSM) is proposed, which realizes the stable suspension of the rotor. However, this method is only a single closedloop indirect control of the rotor radial displacement, and the control precision is not high. In [26] , a direct levitation force control method for a bearingless permanent magnet synchronous motor is proposed. The air gap flux of torque winding is obtained by integrating the back EMF of torque winding, and the feedback radial levitation force is calculated to realize the closed-loop control of the system. The method realizes direct control of levitation force, and the system has fast dynamic response and high control accuracy. However, the pure integral part will bring initialization error and cause deviation to flux estimation. This paper derives the polar coordinate form of the mathematical model of radial levitation force of the BIM, establishes the direct levitation force control system of the BIM by using the traditional direct torque control theory and model predictive control theory [27] , [28] , and introduces a improved flux observer view to overcome the shortcomings of the back EMF method in flux observation [29] - [34] . Compared with the traditional levitation force control method, this method does not need the closed loop control of levitation current and simplifies the levitation control. The simulation model was built by using MATLAB / Simulink software, and the experiment was carried out on an experimental prototype of the BIM. Simulation and experimental results show that the proposed control method has good dynamic and static performance and is more conducive for online implementation, which verifies the reliability of the method.
II. MATHEMATICAL MODEL OF THE BIM
There are two sets of windings in the stator of the BIM, their pole number are P 1 and P 2 respectively. The inhomogeneity of the magnetic field in the air gap of the motor is controlled by the interaction of the current in the two sets of windings to produce the controllable radial force acting on the rotor. In order to realize the stable suspension of the bearingless induction motor, the two sets of windings need to meet three conditions [35] :
1) P 1 = P 2 ± 1; 2) electric angular frequency ω 1 = ω 2 ; 3) rotating magnetic field in the same direction
The mathematical model of the BIM includes the rotating part and the suspension part.
A. MATHEMATICAL MODEL OF THE ROTATING PART
The mathematical model of the rotating part of the BIM in the α − β coordinates has the form as:
where i 1sα and i 1sβ are the stator current of the torque winding in the α −β coordinates respectively; L 1s , L 1r and L 1m are the stator inductance, the rotor inductance and the mutual inductance of the torque winding respectively; ω r is the rotor speed; ψ 1sα and ψ 1sβ are the components of the stator flux linkage of the torque winding in the α − β coordinates respectively; R 1s and R 1r are the stator and rotor resistances of the torque winding in the α − β coordinates respectively;
is the flux linkage coefficient; T r = L r / R r is the time constant of rotor. The torque equation of the BIM is given as follows:
B. MATHEMATICAL MODEL OF THE SUSPENSION PART
The expression of Maxwell force acting on the micro element dA on the outer surface area of the rotor of the BIM is [34] - [36] :
where µ 0 is permeability of vacuum. dA=rl · dθ, r and l are External diameter of the rotor and effective length of the iron core, and theta is space angle. B is the air gap flux density of the motor. The components of maxwell force in the x-y coordinates are:
Ignoring the effects of rotor slot effect and magnetic saturation [37] , [38] , the air gap flux density of two sets of windings in the BIM is:
where the air gap flux density generated by the torque winding is:
The air gap flux density generated by the levitation winding is:
The expression of radial levitation force in x and y directions can be obtained by substituting equation (5) ∼ (7) into equation (4) for integral operation [41] , [42] :
where the amplitude of radial levitation force is:
The air gap flux linkage of the torque winding and the levitation winding in each phase are:
where ϕ t and N t are the flux and effective turns of the torque winding respectively, ϕ s and N s are the flux and effective turns of the levitation winding respectively. Neglecting the current induced by the levitation winding in the rotor, the amplitude of the synthetic flux in three-phase winding is:
The amplitude of radial levitation force can be obtained by replacing (10) and (11) into (9):
where k r is a constant related to motor parameters. ψ 1 m and ψ 2s are the amplitude of air gap flux formed by torque winding and the amplitude of flux formed by the levitation winding respectively.
III. DIRECT LEVITATION FORCE PREDICTIVE CONTROL A. BASIC PRINCIPLE
The traditional levitation force control of the BIM is realized by vector control. This control mode is greatly influenced by motor parameters and is ultimately controlled by the levitation winding current. It is an indirect control, and the precision control of radial levitation force is not ideal. Therefore, a new direct levitation force control method for the BIM Based on model prediction is proposed in this paper. And its vector control diagram is shown in Fig. 1 .
Where the α axis coincides with the axis of A phase winding, and β axis is 90 degrees ahead of them. ψ 1 s is the torque winding flux. ψ r is the rotor flux, and its angle with the axis of A phase winding is ρ. γ is the angle between the torque winding flux and the rotor flux. ψ 1m is the composite air gap flux of the torque winding flux and the rotor flux, and its angle with the axis of A phase winding is η. ψ 2s is the levitation winding flux, and its angle with the axis of A phase winding is ϕ. F is the radial levitation force, and its angle with the axis of A phase winding is η−ϕ. Therefore, the components of the mathematical model of the radial levitation force represented by the flux linkage in the α − β coordinates are [41] , [42] :
Rewrite the upper form into polar coordinates:
From (14), it can be seen that the radial levitation force is a vector whose amplitude is k r ψ 1m ψ 2s . The direction is determined by the difference of the angle between the levitation winding flux ψ 2s and the air gap flux ψ 1m formed by torque winding. Therefore, in order to generate a stable and controllable radial levitation force, it is necessary to control the magnitude and direction of the air gap flux and the levitation flux. When the motor is in stable operation state, the load torque of the motor will remain unchanged, the magnitude and phase of the air gap flux linkage formed by the torque winding and the angle between flux of the torque winding and the flux of the rotor will remain unchanged. At this time the radial levitation force can be controlled by controlling the magnitude and phase of the levitation winding flux. The basic idea of the direct levitation force predictive control for the BIM is as follows: when the magnitude and phase of air gap flux of the torque winding is known, the magnitude and phase of the current levitation winding flux can be calculated, and the difference of the levitation winding flux can be calculated by the predictive feedback value of the flux. In addition, the objective function is used to select switch state corresponding to the optimal state as the output state of the inverter, which realizes the direct levitation force based on model prediction for the BIM. 
B. IMPLEMENTATION METHOD
From the above analysis, in order to directly control the levitation force, we must first get the magnitude and phase of the levitation winding flux. At the k moment, the initial displacement signal is converted by PID control and coordinate transformation in the levitation force control system, and magnitude and phase of the given levitation force are obtained:
The following formula can be obtained by comparing (14) and (15):
The torque winding flux observed by the flux observer is substituted in (16) and the levitation winding flux at the k moment is obtained by transformation as follows [45] , [46] :
The components ψ * 2sα (k) and ψ * 2sβ (k) of the levitation winding flux at the k moment are obtained by transforming (17) into the rectangular coordinates. The predictive values of the flux components of the levitation winding observed by the flux observer at the k+1 moment are ψ 2sα (k + 1) and ψ 2sβ (k + 1). Therefore, the vector difference of the levitation winding flux can be obtained as follows:
In the hope of keeping the air gap flux of the torque winding unchanged, the levitation force is controlled by controlling the levitation winding flux. Therefore, the following objective function are constructed:
The BIM is powered by a two-level voltage inverter. As shown in figure 2 , there are 8 space voltage vectors, in which u 0 (000) and u 7 (111) are zero vectors [47] . Without restriction, the voltage vectors can be switched arbitrarily at the next moment as shown in figure 3 . However, it increases the switching times of the inverter and produces the switching loss and the voltage loss. As shown in figure 4 , in order to reduce the switching frequency, switching times of switch state should be reduced as much as possible. For example, if the zero vector u 0 (000) and u 7 (111) are fully utilized and when u 4 (011) is switched to zero vector u 0 (000), it needs to change the inverter switch twice. However, then switch state at the current time can be selected (111) or (010) or (001), this will switch at only one time.
IV. DESIGN OF A NEW FLUX OBSERVER
In order to realize the direct levitation force predictive control for the BIM, it is necessary to observe the flux of torque winding and levitation winding accurately. Therefore, an improved flux observer is introduced in this paper. Its structure diagram is shown in Figure 5 . Here, we take the observation of levitation winding flux as an example for analysis. It can be seen from figure 5 that the input part of the flux observer is the component of the voltage of the levitation winding in VOLUME 7, 2019 the α − β coordinates, and the amplitude and phase of the voltage of the levitation winding are obtained after the polar transformation; v-n coordinate is defined as rotating frame, where the directions of v axis and ψ is the same, and n axis advances v axis 90 degrees; k p = 1 and k i = 0.001 are the proportional integral parameters respectively; δ 1 is phase of input voltage.
From Figure 5 , the relationship between the parameters can be obtained as follows:
If the motor is in a stable state after a period of time, the following condition is satisfied:
At this point, the relation of output value can be satisfied as follows, where h(s) is the closed loop transfer function of the observer.
As can be seen from figure 5, it is difficult to obtain the closed-loop transfer function between the voltage phase angle of the levitation winding and the output phase angle of the levitation flux after the polar transformation by using conventional methods. Therefore, the open-loop transfer function of the system can be obtained first, and then the closed-loop transfer function can be obtained. To solve the transfer function of the system, the following assumptions are made:
(1) a small enough error angle δ 1 of levitation winding voltage phase angle is given.
(2) the flux observation system maintains a stable working state, which satisfies (22) .
If a small disturbance is input to the system, and the angle error δ 1 is caused. Then, the following formula can be get:
At this time, the relationship between the changing phase angle δ 2 of the levitation winding flux and δ 1 is as follows:
The closed loop transfer function of the system can be obtained by (25) :
Therefore, the error transfer function h(s) of the system can be obtained as follows: (27) From this, the components of the levitation winding flux in the α − β coordinates can be calculated as:
Similarly, the components of the torque winding flux in the α − β coordinates can be obtained. The expression is similar to (28) . The amplitude and phase of the torque winding flux are:
It is assumed that the rotor flux is ψ r and the stator leakage inductance of the torque winding is L 1l , then the expression of the synthetic air gap flux between the torque winding flux and the rotor flux in the α − β coordinates is as follows:
The amplitude and phase of the synthetic air gap flux of the torque winding can be obtained:
Plug the component of the levitation winding flux in the α − β coordinates obtained by the flux observer and the amplitude and phase of the synthetic air gap flux of the torque winding into the levitation control system, then the levitation force is directly controlled by a series of transformations.
Since the phase difference reflects the performance of the loop, it is assumed that frequency of the input signal is:
Then the change of the input phase with time is:
Formula(34)can be obtained by Laplace transform:
The stable phase error is obtained by final value theorem:
Form (35),we can know that when the input signal has error, the phase difference can still maintain a certain value. This shows that the flux observer proposed in this paper has good tracking performance and robustness. 
V. SYSTEM SIMULATION AND EXPERIMENTAL RESULTS ANALYSIS A. SYSTEM SIMULATION PARAMETERS AND CONTROL BLOCK DIAGRAM
To verify the feasibility of the proposed control strategy, the Simulink toolbox in Matlab is employed to build the system model of the traditional levitation force control and direct levitation force control for the BIM. The parameters of the BIM used in the simulation are listed in Table 1 .
The block diagram of the direct levitation force control based on model prediction for the BIM is shown in Figure 6 . It can be seen from the figure that the components of levitation force is obtained according to the difference between the displacement signal x and y measured by the displacement sensor and the given displacement signal x * and y * which are adjusted by PID. The amplitude and phase of the radial levitation force are obtained by polar transformation, and then the amplitude ψ * 2s and phase ξ of the levitation winding flux is calculated by the air gap flux of the torque winding observed by the torque winding flux observer. The reference values ψ * 2sα and ψ * 2sβ of the levitation winding flux are obtained by rectangular coordinate transformation. The difference between the reference values ψ * 2sα and ψ * 2sβ of the levitation winding flux and the predicted flux ψ 2sα (k + 1) and ψ 2sβ (k + 1) at the next moment is calculated. In addition, The flux under optimal switch state is selected by the objective function and modulated by SVPWM to produce voltage signal to drive the inverter Finally, the three-phase voltage needed to control the motor is obtained, and the direct levitation force control based on model prediction for the BIM is realized.
B. SIMULATION RESULTS AND ANALYSIS
Figures 7 and 8 are the torque and speed characteristic curves of the BIM when the control method adopted in this paper is used. As can be seen from Figure 4 , the torque of the motor reaches the maximum value when starting, then decreases and reaches the stable value quickly. When the load is suddenly added at 0.25s, the torque increases but tends to be stable quickly. When the torque is stable, the torque fluctuation is small. Fig. 5 shows that the motor achieves a given speed of 6000r/min at 0.125s, and the speed response is faster. When the motor is suddenly loaded at 0.25s, the speed decreases slightly, but the change is not obvious and can reach a stable state quickly. Figures 9 and 10 are the torque and speed characteristic curves of the BIM when the traditional levitation force control is adopted. From the figures, it can be seen that the torque response and speed response of the traditional levitation force control are slower than that of the direct levitation force control, and can not achieve good control effect. Figure 11 shows the radial displacement waveforms of the rotor when the two kinds of levitation force control methods are adopted. Figure 11 (a) and 11(b) are the displacement waveforms of the rotor in x and y directions when the conventional levitation force vector control method is used. Figure 11 (c) and 11(d) are the displacement waveforms in x and y directions when the direct levitation force control method based on model prediction proposed in this paper is used. Compared with the two methods, it can be seen that the rotor can realize stable suspension more quickly and the suspension fluctuation is less. When the load is suddenly added at 0.25s, it can be seen from the diagram that the radial displacement fluctuation amplitude of the rotor is smaller, and the system has good dynamic performance and antidisturbance ability. Figure 12 shows the trajectory of the rotor in x and y directions when the two levitation force control methods are adopted. It can be seen from the figure that, compared with the traditional control method, the motion trajectory of the rotor is reduced and the rotor can enter the stable suspended state more smoothly after adopting the control method proposed in this paper. In conclusion, the proposed control method can effectively improve the suspension performance of the rotor. ) show the simulation results of A phase current under traditional levitation force control and direct levitation force predictive control, respectively. A load of 10 N · m is applied to the system at t =0.3s. As shown, when the direct levitation force predictive control is used, the current pulsation is smaller and the stability is stronger. The dynamic response of the system is fast and the current waveform is a good sign. 
C. EXPERIMENTAL RESULTS AND ANALYSIS
To further verify the correctness and the validity of the proposed strategy in this paper, experimental verification is conducted based on a two-level AC speed regulation platform. In the experiment, TMS320F2812 is adopted as the main controller, and the parameters of the prototype are consistent with the simulation parameters, besides, the speed is 6000r/min; the rated voltage of the torque winding is set to 240V. The switch tube of the experimental platform is IGBT, and the sampling frequency and switching frequency are both set to 5kHz. In order to facilitate the observation and recording of experimental data, the measured speed, torque, and radial displacement are transmitted to the Agilent KEYSIGHT MSO-X 4024A oscilloscope after the D/A transformation. The experimental platform is shown in Figure 14 . Figure 16 shows the radial displacement experimental diagram of the rotor in x and y directions when the two control methods are adopted. As can be seen from figure 16(a) , VOLUME 7, 2019 the radial displacement peak value of the rotor in x and y directions is 80µ m when the traditional levitation force vector control method is adopted. As can be seen from figure 16(b), the radial displacement peak value of the rotor in x and y directions is 40µ m. Compared with the two methods, the direct levitation force predictive control proposed in this paper can reduce the radial displacement of the rotor, decrease the vibration significantly, and make the suspension more stable. Figure 17 shows the radial displacement experimental diagram of the rotor in x and y directions after adding the same disturbance to the rotor with two control methods. Compared with figure 17(a) and figure 17(b) , it can be seen that the radial displacement of the rotor in the x direction has no obvious change, but the radial displacement in the y direction changes significantly. The radial displacement of the rotor in the y direction after disturbance is 160µ m when the traditional levitation force vector control is used, and the radial displacement of the rotor in the y direction after disturbance is 100µ m when the direct levitation force predictive control is used. In conclusion, the displacement amplitude decreases obviously when the proposed control method is used after the rotor is disturbed, and the control system has better anti-disturbance performance.
VI. CONCLUSIONS
Referring to the theory of direct torque control, this paper applies it to the levitation system of the BIM and puts forward a direct levitation force predictive control method which is different from other levitation control methods. Besides, this paper introduces an improved flux observer to observe the flux of the torque winding and the levitation force winding, so as to improve the precision of levitation force control. The simulation and experimental results all show that the direct levitation force control based on model prediction improves the stability of the rotor suspension, reduces the radial displacement fluctuation, enhances the anti-disturbance ability of the suspension system, has good dynamic and static performance, and promotes the further development of the BIM in the field of levitation control. CHUNFENG BAO was born in Nantong, Jiangsu, China, in 1993. He is currently pursuing the master's degree with Jiangsu University. His main research interest includes the structural optimization design of the bearingless motor.
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